Decreasing oocyte competence with maternal aging is a major factor in human infertility. To investigate the age-dependent molecular changes in a mouse model, we compared the expression profiles of metaphase II oocytes collected from 5-to 6-week-old mice with those collected from 42-to 45-week-old mice using the NIA 22K 60-mer oligo microarray. Among approximately 11 000 genes whose transcripts were detected in oocytes, about 5% (530) showed statistically significant expression changes, excluding the possibility of global decline in transcript abundance. Consistent with the generally accepted view of aging, the differentially expressed genes included ones involved in mitochondrial function and oxidative stress. However, the expression of other genes involved in chromatin structure, DNA methylation, genome stability and RNA helicases was also altered, suggesting the existence of additional mechanisms for aging. Among the transcripts decreased with aging, we identified and characterized a group of new oocyte-specific genes, members of the human NACHT, leucine-rich repeat and PYD-containing (NALP) gene family. These results have implications for aging research as well as for clinical ooplasmic donation to rejuvenate aging oocytes.
INTRODUCTION
Reproductive capacity in women declines dramatically beyond the mid-30s (1 -4) . Although the primary cause for this decline is the gradual depletion of oocytes, the decline of oocyte quality is also suggested to play an important role. For example, it has been shown that young women undergoing standard in vitro fertilization (IVF) with their own eggs show a success rate comparable with older women (.40 years) undergoing IVF with eggs donated by this younger subset of women (5) . Agerelated decline in oocyte quality has been associated with aneuploidy because of the age-associated increase of spontaneous abortions and numerical meiotic division errors (6) , but the primary cause of such anomalies and other factors determining oocyte quality remains to be elucidated.
The degree to which oocytes age is also relevant to the clinical application of ooplasmic donation (1, 7) . Ooplasmic donation has been performed by injecting ooplasm from a young healthy donor oocyte into a patient oocyte at metaphase II (MII) stage to improve the outcome of assisted reproduction methods (8, 9) . Some mouse studies suggested that ooplasmic donation by cytoplasmic injection or by nuclear transfer from an oocyte to another enucleated oocyte has no detrimental effect on development at the MII or germinal vesicle stage (8, 10, 11) (reviewed in 12), but no direct supporting molecular biological evidence has been reported (13, 14) . In fact, the premature rupture of membranes and intrauterine fetal death following ooplasmic donation by nuclear transfer from a patient oocyte to an enucleated young donor oocyte (15) , and mitochondrial heteroplasmy after birth following ooplasmic injection have been reported very recently (16, 17) . Thus, studies of molecular mechanisms involved in the decline of oocyte quality with maternal age could have important implications for the efficacy and safety of clinical ooplasmic donation.
Whether oocytes, which are germline-derived and in some sense immortal, age in ways similar to somatic cells is a fundamental question in aging research (18 -21) . The alteration of gene expression patterns in aging cells and organs has been studied (22, 23) and global expression profiling of aging organs has also been performed (24, 25) . However, oocytes provide unique and challenging material for microarraybased studies of aging.
First, in contrast to organs and continuously cultured fibroblast cells (26) , in oocytes all the aging-associated Human Molecular Genetics, Vol. 13, No. 19 # Oxford University Press 2004; all rights reserved complications will be imposed on the cell cycle-synchronized and -arrested cells. Most of the primordial follicles are formed during fetal development, though a recent study suggested meiotic entry of germline stem cells in post-natal mammalian ovary (27) . Oocytes are arrested and stay in the middle of prometaphase II for more than 40 years in humans and more than a year in mice. At various time points of their adult life, these primordial oocytes with a diameter of 15-20 mm grow to become full-grown oocytes of 70-150 mm (28) . The number of mtDNA copies also increases about 100 times (29) . Thus, it is reasonable to assume that the microarray analysis will monitor mainly the cumulative results of the transcriptional activity during follicular growth in adult, which takes only a few weeks and the same amount of time for both young and old oocytes.
Second, the analysis of germline aging on a global scale has been hampered by the lack of an expression profiling platform including genes unique to oocytes and by the difficulties of collecting significant numbers of oocytes. With the recent development of a suitable microarray platform (30) , we have overcome these problems and have performed expression profiling of oocytes.
RESULTS AND DISCUSSION

Global characteristics of oocyte aging
We collected three sets of 500 MII oocytes from young (5 -6 weeks) and those from aged (42 -45 weeks) mice-near the end of their reproductive lifespan (Fig. 1A) . For brevity, these oocytes are called 'young oocytes' and 'old oocytes' here. As would be the case in a human IVF clinic, only oocytes with good morphology were harvested from superovulated C57BL/6 mice. These oocytes were free of cumulus cell contamination (Materials and Methods). The labeling of these RNAs provided nearly equal amount of fluorescence probes, indicating the initial amount of RNAs was similar. Therefore, a possibility of general decline in transcript abundance can be excluded.
To control sample-to-sample variation, we analyzed three independent sets of pooled oocytes by microarrays. To assess the variations detected by both technical and biological replications, we also carried out two sets of dye-swap experiments. The expression profiling was performed on the NIA 22K 60-mer oligo microarray, which is enriched for genes expressed in stem cells and early embryos, including oocytes (30) .
A total of 131 634 experimental data points were generated and analyzed. Using a cut-off for signal intensities (log intensity ! 2.3), transcripts of 10 977 genes were scored as present in oocytes (data available at http://lgsun.grc.nia.nih. gov/microarray/data.html). Along with previous reports (31, 32) , this list provides a repertoire of genes whose transcripts are accumulated through oogenesis and are present in MII oocytes.
Young and old oocytes had very similar gene expression patterns. Only 530 genes (5%) exhibited statistically significant differences (449 genes for young oocytes and 81 genes for old oocytes) (Fig. 1B and Supplementary Material,  Table S1 ). Furthermore, the fold difference, i.e. log-ratio of these 530 genes, was relatively small (99 genes, . 2-fold; 431 genes, .1.5-fold). Consistent with the identification of bona fide genes, we found that 425 (80.2%) out of the 530 differentially expressed genes were represented as expressed sequence tags (ESTs) in cDNA libraries from unfertilized eggs, fertilized eggs and two-cell embryos (31) .
To validate the microarray data further, we also performed real-time quantitative RT -PCR (Q-PCR) analysis in triplicate for 50 selected genes ( Figs 1C and D) . Poly(A) length, which can be regulated by cytoplasmic polyadenylation element and is involved in mRNA stability in oocyte and early preimplantation embryos, might affect the efficiency of cRNA linear amplification during probe synthesis. To exclude such poly(A) length-dependent bias, we used random hexamer rather than oligo(dT) primers in cDNA synthesis for Q-PCR. Results from the microarrays and Q-PCR were well correlated: the correlation coefficient was 0.80, with a slope of 0.78 (Fig. 1C) . The microarrays thus provide reliable gene expression comparisons between young and old oocytes.
Of the 449 genes showing decreased transcript levels with maternal aging, 284 (63.3%) genes were known, whereas 47 (58.0%) of 81 genes showing the increased transcript levels with maternal aging were known. Functional categories of these genes were assigned by Gene Ontology (GO) terms (33) , using the MAPPFinder (34, 35) (Fig. 2 and Supplementary Material, Fig. S1 ). We discuss four functional groups.
Genes involved in mitochondrial function, oxidative damages and stress-responses
Most prominent in the list were 'mitochondrial function', 'oxidative damages' and 'stress-responses' (Fig. 2) . Genes such as mt-Nd3, mt-Atp6 and mt-Co1-3, encoded in the mitochondrial genome and involved in mitochondrial electron transport chain, were more highly expressed in old oocytes. In contrast, genes encoded in the nuclear genome but related to 'energy pathways' and mitochondrial function (such as Sdha, known to be an index for mitochondrial activity) were more highly expressed in young oocytes (Fig. 2) . These changes suggest a relative decline in ATP production in aging oocytes. In fact, it has been shown that the aging oocytes contain less ATP and have a lower electrical potential at the inner mitochondrial membrane (36) . Interestingly, genes categorized in 'nucleotides and ATP metabolism' and 'ATP binding' also showed decreased expression.
A group of genes that provide protection against stressresponses and damages were also downregulated. Notable were oxidative stress/damage-related genes, such as Sod1 and the thioredoxin family (Txn1 and Apacd ) (Fig. 2) . Sod1 is reported to be highly expressed in human oocytes (37) and the addition of Sod1 protein improves preimplantation development in mouse (38) . Thioredoxins are involved in reduction and protection against oxidative stress-induced apoptosis, and the targeted mutation of Txn1 caused embryonic lethality shortly after implantation (39) . Other 'anti-apoptosis' genes, including Bcl2l10/Diva, Nckap1, Psip2, Ppid, Rnf34, Bag4 and Pdcd6ip, were also downregulated in old oocytes (Fig. 2) .
Second, 'chaperones' such as the heat shock 70 kDa proteins (Hspa4, Hspa8 and Hsp70-4 ) and Cct genes (Cct1-3 and Cct5 ), as well as many other genes involved in the (33) for differentially expressed genes in young and old oocytes were identified by FDR statistics (FDR 15%) using MAPPFinder (34, 35) (Supplementary Material, Fig. S1 ). Only GO terms that had more than three genes ('number changed in hierarchy' ! 3) for young oocytes are shown in (A). Only GO terms that had more than three genes ('number changed in hierarchy' ! 2) for old oocytes are shown in (B). We further recategorized these frequent GO terms and showed genes that represent each annotation. If NCBI had no gene symbol corresponding to an NIA 60-mer oligo, an U-cluster ID containing the oligo sequence was shown in these panels. 'Oocyte-specific genes' were selected on the basis of the frequencies of corresponding ESTs (31) .
'ubiquitin-proteasome pathway', such as Hip2, Ubc, Ube1c, Ube2a, Ube2e3, Ube2g1, Pama6, Pamb1, Psmb4, Psmc2, Psmc3, Psmd12, Siah2 and Anapc4, showed decreased expression in old oocytes (Fig. 2) . Oxidative stress during aging is known to be associated with the decline of heat shock response, lysosomal activity and ubiquitin -proteasome pathway in somatic cells (25, 40) . Age-related deterioration of the capacity to produce active heat shock proteins could lead to the accumulation of damaged proteins, primarily oxidized and glycated proteins (41) . The production of ubiquitin is modified during aging, often leading to less free ubiquitin and more ubiquitin -protein conjugates (40) . A failure of ubiquitination could contribute to the accumulation of highly damaged proteins, which in turn are effective inhibitors of the proteasome (42) .
Third, I kappa B alpha (Nfkbia/IkBa ), which is a suppressor of NF-kappa B, was upregulated. NF-kappa B and I kappa B alpha are found in the mitochondria and have been suggested to regulate expression of mitochondrial genes (43) . The suppression of NF-kappa B by I kappa B alpha induced the expression of both cytochrome c oxidase III and cytochrome b mRNA (43) . This may explain the up-regulation of I kappa B alpha and cytochrome c oxidases (mtCo1-3 ) in oocytes with maternal aging.
Genes involved in cell cycles, DNA stability and chromosome stability
It is known that cellular ATP deprivation caused by inhibitors of energy metabolism in turn induces a gradual breakdown of actin-containing microfilament bundles (44) . Consistent with this notion, transcripts related to 'microtubule cytoskelton' and 'chromosome segregation', including Hook1, Tuba1, Tubd1, Dncic2, Kif3b, Rnf19/Dorfin, Pcnt2, Nin and Smc4l1, all decreased with maternal aging (Fig. 2) . It has been shown that cytoskeletal alteration could cause the increased frequency of aneuploidy, inhibition of extrusion of the first polar body and increased incidence of cellular fragmentation (reviewed in 45, 46) . Therefore, the alteration of transcript levels of these genes may be associated with chromosome abnormalities.
Although both young and old oocytes were arrested and synchronized at MII, 'cell cycle' was one of the most conspicuous differences between two cell types ( Fig. 2 ). This suggests that oocytes, normally well equipped for the resumption of the cell cycle after fertilization, lost capacity during maternal aging. Another prominent category was 'genome stability', which includes CGG triplet repeat binding protein-1 (Cggbp1 ), fragile X mental retardation-related protein 2 (Fxr2h ) and homologs of bacterial MutH/L/S mismatchrepair-related proteins such as Msh3, Exo1 and Pms1 (Figs 1D and 2). These genes, which are often implicated in accelerated aging syndromes and carcinogenesis in human (47 -50) , decreased in expressions with maternal aging.
We note that the level of telomerase reverse transcriptase (Tert ), whose expression decreases during general aging and cellular senescence, decreased with maternal aging (Fig. 2) . This is consistent with the notion that short telomeres in the chromosomes of human eggs predict poor prognosis following IVF/embryo transfer (51) .
Taken together, these expression changes suggest that old oocytes may be less able to maintain intact chromosomes.
Genes involved in oogenesis, fertilization and preimplantation development
Genes involved in the 'Tgf beta receptor signaling pathway', including Madh1/Smad1 and Bmpr2, were upregulated in old oocytes (Fig. 2) . It is known that in granulosa cells, Bmpr2 protein functions as a receptor for Gdf9 protein, a glycoprotein secreted by the oocyte and capable of stimulating granulosa cell proliferation and inhibiting differentiation (52) . Its expression is also observed in some oocytes of primary and early secondary follicles in rat (53) . Smad1 signaling is demonstrated to play a critical function in the initial commitment of the germ cell lineage in mice (54) , and its mRNA is recruited to polysomes during oocyte maturation in Xenopus, suggesting a role in oocyte maturation (55) . In contrast, genes involved in 'intracellular protein transport and vesicle trafficking', were downregulated in old oocytes ( Fig. 2) , suggesting the dysregulation of oocyte maturation. Indeed, it has been shown that the presence of brefeldin A, a drug that inhibits protein secretion by blocking membrane trafficking from endoplasmic reticulum to Golgi apparatus (56), blocks oocyte maturation before the assembly of the metaphase I spindle maturation (57) . Also, Stx7 and Snap23 were downregulated in old oocytes. Their encoded proteins are a part of an integral membrane protein complex termed SNAREs (soluble NSF attachment protein receptors), suggested to be involved in vesicular trafficking and exocytosis of cortical granules derived from the Golgi apparatus in mouse oocytes (58) .
A number of genes involved in 'reproduction' and 'oocytespecific genes' also decreased their expression with aging ( Fig. 2) . For example, Vasa, a DEAD helicase expressed specifically in germ cell lineage and development, along with other 'RNA helicases' including Ddx32, Dhx36, Ddx46, Ddx48 and Supv3l1, were downregulated. Similarly, Rnf35 and ePAD, implicated in cytoskeletal organization in eggs, were also downregulated. Furthermore, all three zona pellucida glycoprotein genes, Zp1, Zp2 and Zp3, which play important roles in oogenesis (59), fertilization and subsequent preimplantation development (60 -62) , were downregulated ( Figs 1D and 2) . Similarly, genes involved in gametogenesis, such as Kit, NIMA (never in mitosis gene a)-related expressed kinase 2 (Nek2 ) and Zfp38, were downregulated (Fig. 2) .
Genes involved in transcriptional regulation
Decreased expression of many transcription factors was observed in oocytes during maternal aging (Fig. 2) . This category includes many zinc finger proteins (Zfps ), whose zinccoordinated cysteines are susceptible to attack by reactive oxygen species (ROS), and whose DNA binding activity can be attenuated with age (63, 64) , and polycomb group genes such as Bmi1, Ezh2, Sfmbt1 and Rybp1. Polycomb group proteins have been known to play crucial roles in cell fate determination via the assembly of specialized forms of repressive chromatin. Because transcription is globally reduced in mature oocytes and dramatic chromatin remodeling occurs in fertilized eggs, polycomb group genes may be involved in the control of global transcription in oocytes through nucleosome modification, chromatin remodeling and interaction with general transcription factors. Indeed, the expression of Bmi1 and Ezh2, a polycomb-group transcription repressor, was downregulated. Interestingly, Bmi1 is essential for the self-renewal of adult murine hematopoietic stem cells and neuronal stem cells partly via repression of genes involved in cellular senescence and cell death (65) . A null mutation in Ezh2 (which is upregulated upon fertilization and kept highly expressed during the mouse preimplantation stages) results in early embryonic lethality (66) .
Transcripts for both oocyte-specific and somatic forms of maintenance DNA methyltransferase (Dnmt1o and Dnmt1s, respectively), Dnmt-associated protein-1 (Dmap1) and Dnmt3L, were also downregulated in old oocytes (Figs 1D, 2 and 3), whereas the level of de novo methyltransferase Dnmt3b transcript was upregulated ( Figs 1D and 2 ). These specific expression patterns were also observed in WI-38 cultured fibroblast cells undergoing cellular senescence (67) , suggesting that oocytes and somatic cells may share common features in aging.
Some genes related to 'chromatin organization and biogenesis' were downregulated in old oocytes (Fig. 2) . For example, the expression of histone deacetylase 2 (Hdac2 ), which interacts with Dnmt1 to represses transcription, was also downregulated, as were histone acetyltransferases, Myst1 and Mrgx, which are related to Morf, involved in cellular senescence (68) . Changes in these and other chromatin remodeling factors, combined with the specific changes in DNA methyltransferase expression, suggest that chromatin structure and epigenetic mechanisms may be appreciably dysregulated as oocytes age.
Examples of unknown genes: the mouse Nalp gene family Among the unknown genes downregulated with maternal aging, we found several genes homologous to the mouse maternal effect gene (Mater ) that was also downregulated during aging. Mater expression is detected in the cytoplasm of growing oocytes and remains present through the late blastocyst stage (69) . It has been shown that Mater is essential for the preimplantation development, because the development of Mater 2/2 embryos is arrested at two-cell stage (69) . A human homolog of mouse Mater has also been identified (70) and categorized as NACHT, leucine-rich repeat and PYD containing 5 (NALP5 ) (71) on the basis of their protein domain structure. Three unknown genes that showed decreased expression in oocytes during maternal aging were found to fall in the Nalp family (row 7 in Fig. 2A) . Their chromosomal loci have been represented by LOC233001, 4921520L01Rik and E330024M09/ AU022726 in National Center for Biotechnology Information (NCBI) LocusLink, respectively. Searching for similar genes in the NIA Mouse Gene Index (31), we identified at least five more genes whose ESTs were exclusively from cDNA libraries of unfertilized eggs, fertilized eggs (one-cell embryos) and two-cell embryos as well as Mater. These genes were named Nalp alpha -Nalp kappa after the human NALP gene family (GenBank accession numbers: Nalp alpha, AY596194; Nalp beta, AY596195; Nalp gamma, AY596198; Nalp delta, AY596196; Nalp epsilon, AY596197; Nalp zeta, AY596203; Nalp eta, AY596200; Nalp theta, AY596202; Nalp iota, AY596199; Nalp kappa, AY596201). Interestingly, Nalp alpha -theta and Mater are clustered on Chromosome 7A. Nalp iota is located on Chromosome 7F and Nalp kappa is located on Chromosome 13. The complete cDNA sequences of Nalp gamma -kappa were obtained by fully sequencing either existing NIA cDNA clones (31) or cDNAs amplified by RT -PCR. The open reading frames (ORFs) of these genes were searched against the Pfam HMM database (72) . Except for Nalp iota that lacks a PYD domain, all the genes of the mouse NALP family contain NACHT, PYD and leucine-rich repeat domains like the human NALP family genes (Fig. 4A) .
The sequences of these genes were very similar to each other and it was thus difficult to assign unambiguously orthologous relationships to human NALP genes. To help to clarify the relationships, we also identified rat genes by searching the human and mouse gene sequences against Ensembl Rat genome sequences by WU-BLAST (73) with additional guidance by synteny and 1st exon search tool (74) . Amino acid sequence similarities were analyzed among all the genes in human, mouse and rat, and a phylogenetic tree and dot plots were produced based on a sequence distance method and the Neighbor Joining (NJ) algorithm (Fig. 4B and Supplementary Material, Fig. S2 ) (75) . Searches for the conserved regions of the genomic sequences by PipMaker (http://bio.cse.psu.edu) (76) found no significant similarity in the genomic sequences, other than exons (data not shown). All human gene loci were identified to correspond to the mouse Nalp alpha locus on mouse chromosome 7A1 (Fig. 4C) . Genes on mouse Chromosome 13 found no corresponding human genomic regions, though the surrounding genes showed clear correspondence to human syntenic regions.
Northern blot analyses with 300 bp gene-specific probes showed that all genes were specifically expressed in oocytes, with additional testis expression for Nalp iota (Fig. 5A) . In situ hybridization with four representative genes revealed oocyte-specific expression in young ovary (Fig. 6) . The genes were expressed in primary oocytes at various follicular stages. Furthermore, the microarray expression profiling during mouse preimplantation stages showed that all the genes are expressed in oocytes but are immediately downregulated after fertilization (32) (Fig. 5B) . Mouse NALP family genes are thus rather exclusively expressed in oocytes at all follicle stages, with a presumed role in oogenesis and preimplantation embryos.
We used the RNA interference approach as a first step to analyze a function of mouse NALP gene families. The approach has been successfully used to inhibit the function of specific genes in mouse oocytes (77 -80) . We decided to use the proven method of injecting plasmid vectors expressing siRNA under the mouse U6 promoter into fertilized eggs (81) . We first optimized the condition by injecting various concentration of the control vector into the cytoplasm of fertilized eggs and found that the injection of 1-2 pl of 100 ng/ml vector could achieve the maximum GFP expression without causing the developmental arrest (data not shown). We then carried out three independent experiments by injecting siRNA vector against mouse Nalp iota gene into the cytoplasm of mouse fertilized eggs (Materials and Methods). The 80 -90% fertilized eggs injected with a control vector expressing a randomized 21-mer sequence developed to blastocysts, whereas only 27-76% of fertilized eggs injected with a vector expressing either siRNA-1 or siRNA-2 developed to blastocyst (Tables 1 -3 ). Although there were some variations, the arrest of development occurred between one-cell and eight-cell stages in most cases. Similar studies targeting a few other unrelated genes did not show any obvious developmental arrest (data not shown). These data suggest that the expression of Nalp iota gene is required for the normal development of mouse preimplantation embryos. Because the null mutant mouse of the founding member of this gene family, Mater/Nalp5, showed similar developmental arrest (69), the oocyte-specific NALP gene family may play critical role in the preimplantation embryos.
Implications for oxidative stress and oocyte aging
The decline of mitochondrial function fits nicely with the consensus of aging that an increased oxidative damage with time may play an important role in the process of aging. ROS are produced continuously in mitochondria because of leakage of high-energy electrons along the electron transport chain. In contrast to nuclei, mitochondria lack both protective histones and DNA repair activity, and thus can be a primary target of oxidative damage. In fact, the incidence of mtDNA mutations increases in human ovarian tissues after the age of 45 (82) . In unfertilized eggs collected from IVF patients, the incidence of mutations in mtDNA increases by 3.3-fold at ages above 38 (83) . Morphological abnormalities in oocyte mitochondria from old mice were also observed (84) . Thus, it has been suggested that mitochondrial damage by ROS produced over long periods can be a mechanism leading to agerelated decline in oocyte quality and chromosomal aneuploidy (45, 46, 85, 86) . In situ hybridization in ovary sections to show the differential gene expression between young and old oocytes. In situ hybridization confirmed the microarray results for Dnmt1, Oosp1 and 4933427D06Rik (bars, 100 mm; arrowheads, oocytes). cDNA inserts from enzyme-digested plasmid DNAs of clone K0853B08, H3085D09 and H3065H07 for Dnmt1, Oosp1 and 4933427D06Rik were purified and transcribed into digoxigenin-labeled antisense probes, respectively. The Dnmt1 probe detects both Dnmt1o and Dnmt1s. In this study we also observed an age-related decrease in transcription levels of ATP-related genes that are represented by GO terms such as 'nucleotides and ATP metabolism' and 'ATP binding'. It is known that the depletion of ATP by the decrease of mitochondrial function can decrease the function of proteins that require ATP for their proper function. As such, the microtubule and cytoskeleton proteins seem to be important, because malfunction of these proteins is known to cause failures of chromosome segregation and an accompanying increase of aneuploidy-a major pathological phenotype of old oocytes in humans.
Implications for ooplasmic donation
Discussions about the efficacy and safety of ooplasmic donation have centered on the mitochondria (7). If lowered ATP were the only defect in old oocytes, the injection of ATP could revitalize the oocytes. If the lack of both functional mitochondria and ATP is the problem, ooplasmic donation indeed helps to increase the fertility rate of old oocytes. Our results seem to support this idea, because mitochondriarelated genes and ATP-related genes were indeed downregulated in old oocytes. However, our results also suggest that the nucleus of old oocytes may not be competent to produce specific transcripts that are required for normal oocytes, because the microarray analysis primarily revealed the differential RNA levels transcribed from young versus old nuclei during oocyte maturation (Introduction). If the status of the nucleus in old oocytes is already different from that in young oocytes, ooplasmic donation cannot directly correct the problem of old oocytes. Even if nuclei in old oocytes can be reprogramed, such reprograming events are error-prone, as has been demonstrated in mouse and other model systems (87 -89) .
Implications for germline aging
Although microarray analyses of aging organs and tissues have been reported (24 -26) , oocyte aging seems to have distinctive features. For example, one of the most conspicuous features of aging in organs such as brain and liver is the inflammatory response, indicated by the upregulation of a number of genes involved in the inflammatory process (24, 25) . However, such trends were not observed in aging oocytes. One possibility is that these genes are not normally expressed in oocytes, and thus cannot be detected by microarray analysis. Alternatively, the upregulation of inflammatory gene expression in organs merely represents secondary changes during aging, probably due to infiltration of immune cells into organs, but are not seen in single oocytes, especially in the immune privileged environment. Another discriminating feature is the insulin-related growth pathway. It is one of the major features of aging at the organism level (90, 91) . Although the alteration of the 'energy, metabolism pathway' was observed in oocyte aging, genes directly involved in the insulin growth factor pathway were not significantly altered. This may be correlated with the selective use of pyruvate or oxaloacetate rather than glucose as an energy source by oocytes (92, 93) . Oocyte expression of Nalp genes by in situ hybridization. All four Nalp genes that we examined showed oocyte-specific expression in young ovary, but faint or no signals in oocytes from aged mice on the same slide (bars, 100 mm; arrowheads in ovary sections from aged mice). The PCR-cloned 300 bp sequences specific to each member of NALP gene family were used as probes.
Finally, RNA levels of genes involved in the alteration of nuclear status, such as DNA methyltransferases and chromatin remodeling proteins, were clearly different between young and old oocytes, but have not been detected in the previous studies of aging organ or organisms (24, 25) . It is worth noting that this set of genes overlaps with genes identified for 'stemness', which include genes involved in stress-resistance, chromatin remodeling and DEAD helicase-regulated translation (94) . It is thus possible that aging of oocytes is the process where stem cell-like features are being lost from germlines. Indeed, it has been shown that adult stem cells, such as hematopoietic stem cells, tend to lose their self-renewal capacity and differentiation potential during aging (21) . This appears to be consistent with recent work that germline stem cells have been found to produce new oocytes in the post-natal mouse ovary (27) . However, it remains to be elucidated whether the age-associated gene expression changes observed here are caused by the negative impacts of advancing maternal age on the replicating germline stem cells or cell-cycle arrested oocytes.
MATERIALS AND METHODS
Embryo collection
To model maternal age-related infertility in human patients, we super-ovulated C57BL/6 mice aged 5-6 and 42 -45 weeks with injections of 5 IU pregnant mare serum gonadotropin (Sigma, St Louis, MO, USA) and 5 IU human chorionic gonadotropin (hCG) (Sigma) at 65 and 18 h prior to harvest, respectively (Protocol number 220MSK-Mi approved by the NIA Animal Care and Use Committee). The female reproductive lifespan in C57BL/6 mice extends to 45 weeks, so this time point is a functional approximation of human perimenopause. Oocytes were harvested within a 2 h period, and only those with good morphology were selected, as would be the case in a human IVF clinic. Cumulus cells were removed by incubation in M2 medium (Cell & Molecular Technologies, NJ) with 300 mg/ml hyaluronidase (Sigma), and oocytes were thoroughly washed and transferred to liquid nitrogen for storage. To assess the possible contamination of cumulus cells in these oocyte samples, the expression levels of genes that are well known for their expression in cumulus cells were examined in the microarray data. All three genes examined, Lhcgr, Fshr and Star, showed log-intensitites lower than 2.3, which was used as a cut-off for the presence of the transcripts in this study (Supplementary Material, Table S2 ). Therefore, it is most unlikely that the microarray data in this report were distorted by the contaminated cumulus cell RNAs.
RNA extraction, labeling and hybridization on the NIA 22K 60-mer oligo microarray Three subsets of 500 MII oocytes were collected from mice at 5 -6 and 42 -45 weeks of age, and mRNA was extracted from (30) . Briefly, mRNA was used to synthesize double-stranded cDNA with moloney murine leukemia virus reverse transcriptase in a reaction scaled down to a total volume of 4 ml, with half the standard T7-oligo-dT primer concentration and 125 ng/ml of T4gp32 single-stranded DNA binding protein (United States Biochemical, Cleveland, OH, USA). Linear amplification (in vitro transcription) was performed in a total volume of 16 ml, with half the standard NTP concentration and no labeled CTP. For the second round of amplification, the product of the first reaction was divided in half, and labeled using the manufacturer's standard protocol, with the addition of T4gp32 in the cDNA synthesis reaction. Quality and size distribution of targets were determined by an RNA 6000 Nano Lab-on-chip Assay (Agilent Technologies), and quantitation was determined using a NanoDrop microscale spectrophotometer (NanoDrop, Wilmington, DE, USA). cRNA targets were assembled into hybridizations on the NIA 22K 60-mer oligo microarray (manufactured by Agilent Technologies) (30) , forming duplicate dye-swapped pairs for each of three biological replicates (Fig. 1) . Compared with a single-round of amplification, the sensitivity of differential expression detection is reduced to 60%, but specificity is retained at 96% using two-round amplification (30) . The microarray contains 21 939 gene features (spots) with 12 223 oligos corresponding to 'genes' defined by having either ORF ! 100 amino acid. or multiple exons by comparing with the NIA mouse gene index (31) . A complete list of annotated gene content of the microarray can be found at the NIA mouse cDNA project web site (http://lgsun.grc.nia.nih.gov/ cDNA/cDNA.html).
Microarray data analysis
Intensity values of 21 939 gene features per array were extracted from scanned microarray images using Feature Extraction 5.1.1 software (Agilent Technologies), which performs background subtractions and dye normalization. All primary microarray data and bioinformatic annotations are available at our web site (http://lgsun.grc.nia.nih.gov/ microarray/data.html), GEO (http://www.ncbi.nlm.nih.gov/ geo/) and ArrayExpress (http://www.ebi.ac.uk/arrayexpress/). Text output was processed using an application developed in-house to perform ANOVA analysis (http://lgsun.grc.nia. nih.gov/ANOVA/). Intensities measured with a . 50% error were replaced with missing values except features with very low intensity. Surrogate values equal to mean error were inserted for values that were negative or less than the probe error. Pair-wise mean comparison was done using t-statistics and the false discovery rate (FDR ¼ 15%) method (95) . The small number of biological replications typical in expression profiling experiments results in a highly variable error variance, and this problem is usually addressed by log-ratio thresholds (96) that require subjective decisions about biological significance, or by Bayesian adjustment of error variance (97) that may still underestimate error variance and result in false positive results. To reduce false-positives, we opted for a very conservative error model in which the error variance used for estimating F-statistics for a feature is the maximum of the actual error variance and the average error variance in 500 features with similar average intensity. Statistical significance was determined using the false discovery rate FDR(¼15%) method (95) . A scatter plot was created using the NIA microarray analysis tool (http://lgsun.grc.nia.nih. gov/ANOVA/). GenMAPP/MAPPFinder (34, 35) were utilized for a functional annotation analysis with GO terms.
Real-time quantitative RT -PCR
The microarray results for selected 50 genes were validated by real-time on an ABI 7700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) (30) . mRNA from each oocyte pool equivalent to 200 oocytes was DNAse-treated (DNA-free, Ambion, Austin, TX, USA), annealed with random hexamer and reverse-transcribed into cDNA with ThermoScript reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Each 15 ml Q-PCR reaction used cDNA equivalent to one-quarter or two oocytes as template. PCR primer pairs were designed using the 3 0 -sequence of the EST clone such that both primers anneal at 598C + 18C, the amplicon length is between 105 and 240 bp and low-complexity sequence is avoided (Supplementary Material, Table S3 ). Primers were tested using ovary cDNA with SYBR Green PCR Master Mix (Applied Biosystems). First, each primer pair was run using a matrix of forward and reverse primer concentrations, and threshold cycle measurements were compared with dissociation curves to determine optimal primer concentrations with high amplicon specificity. Second, a 5-log standard curve dilution series was run using each primer pair at optimal concentration, and amplification efficiencies were calculated. Primer sets with sub-optimal dissociation curves or efficiencies outside of the 85-115% range were discarded, and replacements were designed and tested.
Cloning of the mouse Nalp gene family
The NIA Gene Index (http://lgsun.grc.nia.nih.gov/geneindex1/), UCSC Genome Bioinformatics mouse genome assembly (http://genome.ucsc.edu/), Ensemble mouse genome database (http://www.ensembl.org/) and NCBI nucleotide database (http://www.ncbi.nlm.nih.gov/) were blasted with the mouse cDNA sequences of Mater, LOC233001, 4921520L01Rik and E330024M09/AU022726, and the human NALP cDNA sequences to search for all mouse Mater-like genes. On the basis of predicted full-length transcript sequences for each gene of the Mater-like family, we designed PCR primers to amplify cDNA containing full ORFs for each gene from mouse ovary cDNA. To make mouse ovary cDNA, mouse ovary mRNA was DNAse-treated (DNA-free, Ambion), annealed with oligo-dT primer and reverse-transcribed into cDNA with ThermoScript Reverse Transcriptase (Invitrogen Table S4 ) to amplify the sequences. The PCR-amplified sequences were cloned using a pCR4-TOPO Kit (Invitrogen) and sequenced.
Computational analysis of the mouse Mater-like gene cDNA and human NALP gene cDNA sequences
The ORF finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) and Pfam HMM databases (http://pfam.wustl.edu/hmmsearch. shtml) were used to analyze the mouse Nalp cDNA sequences, identifying ORF and protein domains, respectively. To obtain orthologs and analyze chromosome synteny and nucleotide homology among mouse, rat and human NALPs, Ensemble synteny view (http://www.ensembl.org/Mus_musculus/ syntenyview), WU-BALST (http://www.ensembl.org/Multi/ blastview) and comparative genomics information in the UCSC genome browser were used. Amino acid sequence similarities were analyzed among all the NALP genes in human, rat and mouse, and a phylogenetic tree was postulated on the basis of a sequence distance method and the NJ algorithm of Saitou and Ne (75), using Vector NTI software (Informax, Bethesda, MD, USA).
Northern blot
Northern blot membranes (FirstChoice Mouse Blot 1, Ambion) containing 2 mg of poly(A) RNA per lane isolated from mouse tissues were purchased to detect the expression of Nalps. The 300 bp sequences specific to each member of Nalps were excised from pCR4 vectors and labeled with [a-32 P]dCTP as probes. ExpressHyb solution (Clontech) was used for both prehybridization and hybridization. After hybridization at 658C for 20 h, both membranes were washed twice with 2Â SSC at room temperature for 30 min, twice with 2Â SSC at 658C for 30 min and then with 0.1Â SSC at 658C for 30 min, followed by exposure to a PhosphorScreen.
In situ hybridization
In situ hybridization was performed in ovaries from young (6 week) and aged (42 week) C57BL/6 mice. Ovaries were fixed in 4% paraformaldehyde and sectioned (5 mm). Plasmid DNAs were purified from NIA cDNA library clones (H3065D04 for Nalp iota, K0853B08 for Dnmt1s and Dnmt1o, H3085D09 for Oosp1 and H3065D07 for 4933427D06Rik) and pCR4 clones containing Nalp unique 300 bp sequences. The enzyme-digested plasmid DNAs were transcribed into digoxigenin-labeled sense probe controls and antisense probes. The probes were prepared by alkaline hydrolysis and hybridized (608C, 24 h) to the ovarian sections from young and aged mice, placed on the same slides.
Knockdown of Nalp iota gene in preimplantation embryos
Plasmid vectors expressing an siRNA against mouse Nalp iota constitutively were constructed by inserting the following 21-mer target sequences (shown in bold) in pRNAT-U6.1/Neo (GeneScript Corp., Scotch Plains, NJ, USA): siRNA-1, GGATCCCAGCTGCAGATATAGTATGTGACTTCCTGT CATCACATACTATATCTGCAGCTTTTTTTCCAAAAG CTT; siRNA-2, GGATCCCGTTACATCGACCAGAAAC TTCTCTTCCTGTCAAGAAGTTTCTGGTCGATGTAAT TTTTTCCAAAAGCTT, and control (randomized 21-mer), GGATCCCAGAGACATAGAATCGCACGCACTTCCTG TCATGCGTGCGATTCTATGTCTCTTTTTTTCCAAAA GCTT. This vector contains GFP marker under CMV promoter. Fertilized eggs were harvested at 21 h post-hCG from mated superovulated C57BL/6J mice (4 -5-week-old) by the standard method (98) . After removing cumulus cells by 300 mg/ml hyaluronidase (Sigma) in HEPES-buffered modified Chatot, Ziomek, Bavister (CZB) medium, followed by thorough washing by HEPES-buffered CZB medium, fertilized eggs with good morphology were selected. We injected 1pl of 100 ng/ml vector into the cytoplasm of fertilized eggs. All injections were performed using a manipulator (MM-89, Narishige, Tokyo, Japan) with a piezo-electric actuator (PMM Controller, model PMAS-CT150; Prime Tech, Tsukuba, Japan) in HEPES-buffered CZB medium (99) under an inverted microscope (IX-71; Olympus, Nagano, Japan). After injection, embryos were cultured in 50 ml droplets of CZB supplemented with 5.56 mM D-glucose at 378C with a humidified atmosphere of 5% CO 2 in air (100). The developmental stage of each embryo was observed and scored until 4 days in culture.
